As an environmentally friendly substance with strong fluorescence and penetration properties, carbon dots can be used as an auxiliary mean to study how cracks are generated and expanded in the rock. The carbon dots can adapt to different temperatures and PH environment in the process of detecting rock cracks. Based on the theoretical analysis of FTIR and XPS, it proved that carbon dots cannot react with rock thus the damage of rock properties could avoid effectively. Furthermore, it turns out that carbon dots can be stably adhered on the surface of rock, which is conducive to the detection of rock cracks. The feasibility of the proposed point of view was proved by simulation experiment. Finally, the fluorescence lifetime and fluorescence penetration of carbon dots method were discussed and need further investigation.
Introduction
Understanding how induced cracks form and propagate in rock while how to detect cracks environmentally friendly has important significance in the practical problems of the engineering. Detection methods of cracks in rock can detect the aperture, morphology, mineralogy, shape and size of the crack which will provide a robust basis for theoretical studies on the mechanisms of cracking, as well as the failure process of rock slopes. [1] [2] In the mechanical oil industry, deep research on crack is essential for prediction of gas storage quantity, gas storage mode, total gas production and so on. Many researchers have studied the detection methods of cracks in rocks such as X-ray computed tomography (CT) [3] [4] , unclear magnetic resonance (NMR) 5 , acoustic emission (AE) 6 , optical microscopy 7 , scanning electron microscopy (SEM) 8 . Although these techniques are gradually maturing and are deployed in many crack detection applications, there are still some shortcomings, such as AE cannot acquire morphology of cracks, CT is expensive, complex reaction operation and high requirements for testing personal proficiency. Therefore, developing new method to help detecting cracks of rock is essential for many engineering areas.
In recent experimental findings, fluorescent carbon dots (CDs) have superior properties, such as high resistance to photo-bleaching, good photo-stability, optical absorptivity, relatively long fluorescent lifetime. [9] [10] At the same time, CDs are environmentally friendly with simple preparation techniques, high photoluminescence quantum yield (PLQY) with optimum cost. 11 Applying CDs for imaging and detection holds importance significance in many areas of research.
In this paper, more emphasis is on using carbon dots as an auxiliary way to detect cracks in rocks for the first time. Fluorescence performance of carbon dots irradiated by ultraviolet lamp which plays an essential role on imaging. By this way, we consider detection of cracks in the rock. The permeability and the fluorescence penetration property of CDs solution can be used to present the rock cracks with no damage to rocks surface, which is of great significance to research rock cracks. Furthermore, we conducted Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) experiments respectively to confirm that the carbon dots will not react with the rock mineralogy to affect the detection of cracks. In this paper, carbon dots are used for experimental verification. Finally, the experiment was conducted to illustrate the feasibility of the proposed method.
Experimental Section
Chemicals and reagents: Sodium citrate (≥99.0%) was purchased from Tianjin Guangfu Techology Development. Sulfamide (≥99.0%) was obtained from Aladdin Industrial Inc. Deionized water was purchased from Dongguanshi Qianjing environment equipment Co., Ltd.
Preparation of carbon dots solution
Hydrothermal method technique was employed to prepare sulfur and nitrogen co-doped carbon dots (S,N-CDs). 11 Using sulfamide (0.024 g) and sodium citrate (0.882 g) solutions mixed together with 25 ml of deionized water, and then put them to a 50 ml Teflon-lined stainless steel autoclave, which was kept in a furnace at 200 ℃ for 6 h. Semi-crystalline CDs with more than 55% QY has good penetration performance.
Preparation of FTIR and XPS
Three powdered samples were prepared for FTIR and XPS experiments: the rock sample, the carbon dots sample and the third sample which is the rock and carbon dots mixed sample. The powder used was derived from the continental rock of the "Yanchang" formation. The obtained rock sample was manually crushed and the powder was finally screened by 200 mesh. While put carbon dots solution into a refrigerator to freeze into a solid and then put the frozen solid into the vacuum freezing drain for 15 h, finally taken it out and grinded into powder. The rock and carbon dots mixed sample prepared as bellow, the rock power (0.4 g) and carbon dot solution (10 ml) were mixed firstly, and then the whole mixture was put into the vacuum freezing drain for 20 h. After freezing, the samples were dried in a dryer for 10 h.
Result and Discussion

Conception of the proposed idea
In this paper, using carbon dots to detect rock cracks is proposed for the first time. The S, N-CDs solution is used to prepare carbon dots solution. Using the good permeability and fluorescence penetration of carbon dots, it can be used as an auxiliary mean to better display the shape of blurred cracks by the naked eye. The schematic diagram is shown in Figure 1 . It can be seen from the Figure 1 , when the carbon dots solution penetrates through cracks of rock, under the auxiliary irradiation of ultraviolet lamp, the shape and size of cracks can be observed clearly. 
Synthetic carbon dots performance test
In this experiment, we used hydrothermal method to make S, N-CDs. Xu et al 11 used sulfamide and sodium citrate as passivation agents and precursors. Sulfamide solution (0.024 g) and sodium citrate (0.882 g) were mixed together, then injected deionized water (25 ml). The hydrothermal reaction temperature was set at 200 ℃ and reaction time was 6 h respectively. The quantum yield of this carbon dots solution can reach more than 55%. In order to observe the morphology of carbon dots, SEM scanning was performed on them, and the results were shown in Figure S1 . TEM image show crystalline hexagonal patterns and S, N-CDs solution illuminated by ultraviolet lamp and variation of the emission spectra of the solution excited by ultraviolet light with different wavelengths are shown in Figure 2 . From the photoluminescence spectrum, when excited at 350 nm, the S, N-CDs demonstrated a strong emission centered at 440 nm. Therefore, S, N-CDs is chosen as our experimental material on account of its low-cost efficiency, high quantum yield with strong fluorescence properties and stability. 
Confirm the idea by FTIR and XPS in theory
In this section, we verify the feasibility of the idea on the theoretical research. The FTIR and XPS experiments were conducted to investigate chemical composition and structure of our samples. Therefore, the existence and interaction mechanism of rock and carbon dots solution are comprehensively analyzed. FTIR measured properties of three samples: S, N-CDs sample, rock sample and the mixed sample. Here, our samples for FTIR were prepared as potassium bromide (KBr) and were measured by a Bruker VERTEX 70 FTIR, collecting 16 scans per sample at a resolution of 4 cm -1 . The FTIR spectra of samples as shown in Figure 3 . The blue line of the FTIR spectrum is rock sample and the following absorption bands are measured: aromatic C-H stretching (3130 cm -1 of rock sample which the wavenumber is closed to 3100 cm -1 ), C=O bonding or C=C bonding (1800-1000 cm -1 ), CH2 and CH3 bending modes (peak at 1400 cm -1 ), -C-O stretching vibration (1100-1000 cm -1 ), aromatic out-of-plane C-H deformation (900-700 cm -1 ), Si-O stretching (1200-800 cm -1 and 600-400 cm -1 ) [12] [13] . The FTIR spectrum of S, N-CDs sample as shown in red line measured aromatic C-H stretching (peak at 3138 cm -1 ), C=O bonding or C=C bonding (1800-1000 cm -1 ), CH2 and CH3 bending modes (peak at 1400 cm -1 ). The black line of the FTIR spectrum is mixed sample and the following absorption bands were measured: aromatic C-H stretching (peak at 3132 cm -1 ), C=O bonding or C=C bonding (1800-1000 cm -1 ), CH2 and CH3 bending modes (peak at 1400 cm -1 ), aromatic out-of-plane C-H deformation (900-700 cm -1 ), Si-O stretching (1200-800 cm -1 and 600-400 cm -1 ). As we can see from the experiment, after mixing the carbon dots solution with the rock, the FTIR spectra changed. We found that the rock and the carbon dots are echoed to each other, but there was no significant variation in the chemical bonding of carbon dots solution and rock before mixing. This proves that carbon dots solution detects rock cracks without chemical reaction to change the properties of the rock and theoretically verifies the feasibility of the proposed idea. We also tested the FTIR of the third sample which was the rock and carbon dots mixed together at different temperatures. As we can see from the FTIR in Figure  S2 , as the temperature increased the image moved slightly to the left which means there is a chemical bonding between rock and carbon dots. We can conclude that carbon dots were steadily consistent on the rock surface, which is helpful to measure the cracks. In order to further verify that the carbon dots solution will not produce new chemical reaction, which will not affect the physical and chemical properties of the rock. The XPS experiment conducted by using three samples of rock sample, S, N-CDs sample and the rock and carbon dots mixed sample, including chemical bonding in the three samples and the chemical element bonding energy ( Figure S3 ). XPS mainly analyze carbon (1s) spectra, silicon (2p) spectra, sulfur (2p) spectra and nitrogen (1s) spectra of all three samples. As we can see from the XPS spectrogram in Figure 4 , when the carbon dots solution passed through and touched the rock, although the shapes of the peaks change slightly, chemical elements such as C, Si, S and N do not combine with other elements to produce new chemical bonds. This suggests that carbon dots were attached to rock and no chemical reaction had taken place to destroy the properties of the rock. XPS analysis of carbon (1s) is shown in Figure S4a , 4b and 4c. Peaks at 284.3 eV, 284.9 eV and 293.7 eV of rock sample represent C-Si, C-C and C-F bonding 14 , respectively. Peaks at 284.7 eV, 285.5 eV and 288.1 eV of carbon dots sample represent the sp2 graphitic C=C structure, C-N/C-O/C-S and C=O, respectively. As for the third sample, the peaks at 284.3 eV, 284.7 eV, 284.9 eV and 288.1 eV are attributed to C-Si, C=C, C-C and C=O, respectively. XPS analysis of nitrogen 1s is shown in Figure S4d , 4e and 4f. Peaks at 401.7 eV and 402.3 eV in the rock sample represent pyridinic and quaternary, respectively. The N 1s spectrum of carbon dots sample shows peak at 399.3 eV is C-N-C and peak at 399.8 eV is N-C. And the N 1s spectrum of the third sample shows peaks at 399. 3 402.3 eV represent C-N-C, N-C and quaternary 11 , respectively. Three peaks at 102.1, 102.7 and 103.4 eV in the rock sample represent Si-N, Al-Si, Si-O, respectively, while three peaks of the third sample also represent Si-N, Al-Si, Si-O in Figure S4g and 4h. 15 Two distinct components centered at 168.7 eV and 169.8 eV in the sulfur 2p spectra confirm the presence of S 2p3/2 C-S-C, S 2p1/2 C-S-C in both carbon dots sample and the third sample in Figure S4i and 4j 16 . XPS analysis of oxygen (1s) spectra of all three samples are shown in Figure S4k . Figure S4l shows oxygen 1s spectra of rock sample and peaks at 531.2 eV, 531.9 eV and 532.7 eV represent Ca-O, Al-O and Si-O, respectively. Figure S4m shows that the carbon dots sample peak at 531.1 eV is C=O, peak at 532 eV is C-O-C/C-OH and peak at 535.8 eV is O=C-OH. As for the third sample, Figure S4n shows four peaks at 531.1 eV, 531.2 eV, 531.9 eV and 535.8 eV represent C=O, Ca-O, Al-O and O=C-OH, respectively. 
Confirm the idea by simulation experiment
In this section, we verity the feasibility of the idea by experimental test. The simulation work for rock sample are kept consistent in the proportion (Table 1. ) of nature rock. The experiment was carried out by craving "CUP" on the surface of the rock sample. CUP stands for China University of Petroleum. Fluorescence intensity experiments at different PH as well as different temperature are conducted and the results are shown in Figure 5 . When PH is between 6 and 12, S, N-CDs have a good fluorescence effect. It can be seen from the temperature test that the fluorescence performance is outstanding at 20 ℃ to 40 ℃ , while the fluorescence performance decreases as the temperature rises, however, it still has good fluorescence. Therefore, the carbon dots we prepared can adapt to various environments in the process of detecting cracks of rock. Figure 5 The fluorescence intensity at 440 nm excited at 350 nm as a function of (A) PH and (B) temperature
In this simulation experiment, CUP represents the simulated rock sample cracks, and we used carbon dots solution to detect the "cracks" as shown in Figure 6 . The method of using the fluorescence properties of carbon dots to measure rock cracks proposed in this paper plays an essential role in understanding and judging the trend of cracks in petroleum engineering, which is of great significance for the formulation of reservoir protection measures and development plans.
Figure 6
Simulation experiment of using carbon dots to detect cracks
Although it confirms the feasibility of the idea, there are still some content that need to be further investigated. For example, the fluorescence properties of carbon dots will appear for a short time during the measurement. This may be due to microscale heavy metal elements of rocks causing the fluorescence of carbon dots to disappear. Further research is required to change the properties of carbon dots such as grafting some chemical elements to make the carbon dots adapt to the environment that contain heavy metal elements. At the same time, the penetration property of 
Conclusions
In this paper, the new method of detecting cracks in rock by using carbon dots solution was proposed for the first time. Both theoretical researches, together with FTIR and XPS experiments confirmed that the detection of cracks in rock by using carbon dots solution will not affect the properties of the rock. This confirms the nonreactive and reliable nature of the proposed method. Manufactured gap experiments were carried out to measure cracks of rock by carbon dots solution. The feasibility of the idea was validated based on theoretical research and experimental work. However, it is necessary to further improve the fluorescence lifetime and penetration performance of carbon dots solution in rocks. In the following research, grafting stable molecules on carbon dots will be considered to improve its properties. Counts/s (j) S(2p) Figure S4 (a, b, c) XPS spectra for carbon (1s) of rock sample, CDs sample and rock + CDs sample; (d, e, f) XPS spectra for nitrogen (1s) of rock sample, CDs sample and rock + CDs sample; (g, h) XPS spectra for silicon (2p) of rock sample and rock + CDs sample; (i, j) XPS spectra for sulfur (2p) of CDs sample and rock + CDs sample; (k) XPS spectra for oxygen (1s) of total peaks of all three samples; (l, m, n) XPS spectra for oxygen (1s) of rock sample, CDs sample and rock + CDs sample
Support information
Binding energy/eV 
